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1 Summary 
 
1.1 Introduction 
 
Hydrogen is generally regarded as the energy carrier of the future because i) hydrogen is non-
carbonaceous so no CO2 is produced during its utilization and ii) hydrogen is required to feed the 
fuel cells of which a large contribution in future energy provision is expected. Because of the 
increasing societal interest in the use of energy obtained from renewable resources, the 
development of renewable hydrogen production technologies is needed as hydrogen is presently 
produced from fossil fuels. These new technologies are based on the use of renewable sources, 
such as solar and wind energy and energy from biomass. The development of a process for 
hydrogen production from biomass complies with the policy of the Dutch government to obtain 
more renewable energy from biomass.  
There are two distinctly different options for the production of hydrogen from biomass: 
thermochemical and biological conversion. The dry weight content of the raw material is more or 
less decisive for which option is suited best. Both options are, nationally and internationally, 
subject of extensive studies. In comparison to thermo-chemical conversion, biological conversion 
offers the advantage of yielding very pure hydrogen from wet biomass. Furthermore, a biological 
process can be economically feasible at a small scale, e.g. enabling hydrogen production near the 
site of biomass production. 
 
The main objective of “Biological Hydrogen Production” is the development of a bioprocess for 
hydrogen production from biomass by micro-organisms (Fig. 1) as described by the equations 
below. Additionally, this project covers the whole chain of pretreatment of biomass to 
fermentation and up-grading of the produced gas and a techno-economic evaluation. 
 
 
This reaction is endothermic (ΔG’0 = +104.6 kJ.mol-1). As a result, no energy becomes available from 
carrying out this reaction and hence no bacteria will thrive on it. However,   photobacteria are able to 
utilize energy from light and with this additional energy, they  are able to convert acetate to hydrogen 
and CO2.   
Reaction 2  CH3COO-  + 4 H2O  ⎯⎯⎯⎯→  2 HCO3-  +  H+  +  4 H2    
 
 
Glucose is used as a model. Similar equations are applicable to conversion of other sugars. This reaction 
is exothermic (ΔG’o= -206 kJ.mol-1). The energy is sufficient to allow growth of bacteria. This is also 
apparent from the abundant occurrence of these hydrogen producing bacteria in natural habitats.  
 
Reaction 1  C6H12O6  + 4 H2O  ⎯⎯→ 2 CH3COO-  + 2 HCO3-  + 4 H+  + 4 H2   
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Fig. 1. Outline of the bioprocess for production of hydrogen from biomass in a 2-stage 
fermentation. Stage 1 is for heterotrophic fermentation of carbohydrates to hydrogen, carbon 
dioxide and organic acids. In stage 2 the photoheterotrophic fermentation of organic acids to 
hydrogen and carbon dioxide takes place. 
 
Table 1. Scheme of Biological Hydrogen Production programme. 
Name Phase Description Activity Start and end 
date 
Duration 
(months) 
KiemEET 0 Feasibility Fundamental research 
and desk studies 
Nov 1998 - 
Nov 1999 
12 
BWP I 1 Proof of principle Fundamental research Sep 2000 - 
July 2003 
34 
BWP II 2 Proof of concept Fundamental research Sep 2003 - 
July 2006 
34 
 3 Development of 
technology 
Industrial research  36 
 4 Development of 
product 
Precompetitive research  24 
 5 Implementation Commercial exploitation  24 
  
This report describes the progress of the BWP II project, phase 2 of the Biological Hydrogen 
Production programme (Table 1). 
Following the feasibility study in phase 0, the principle of biological hydrogen production has 
been proven by showing hydrogen production in Stage 1 followed by further hydrogen 
production using the Stage 1 effluent, in Stage 2 (Fig. 1). The first techno-economic evaluation, 
based on thermofermentation followed by photofermentation using potato steam peels as 
biomass, showed that production costs for H2 would amount to €3.10/kg H2. The techno-
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economic evaluation was done assuming that present seemingly feasible targets for thermophilic 
and photoheterotrophic fermentation will have been met in the future.  
 
1.2 Objectives 
 
The objectives of phase 2, BWP II, are: 
1. Increased understanding of metabolism in hydrogen producing bacteria 
2. Reforming of non-fermentables at supercritical water conditions 
3. Development of bioreactors and up-scaling of the fermentations 
4. Gas treatment and application of biohydrogen 
The increased understanding of thermophilic hydrogen producing bacteria has a technical 
objective in obtaining a 10 fold increase of hydrogen production rate in the 400 L pilot scale 
thermoreactor.  
For the photofermentative stage, the technical objective is the development of a pilot scale 
photofermentation. Initially, a 55 L pilot scale bubble column photobioreactor will be tested with 
respect to hydrogen production under outdoor conditions. A kinetic model will be developed for 
determination of potential hydrogen production in relation tot irradiation. A prototype for a full 
scale tubular photobioreactor will be optimised with respect to photochemical efficiency, energy 
demand, operational stability and costs. 
Gas treatment installations will be tested using mimicked gas mixtures, and subsequently a 
selection will be made and constructed specifically aimed at purification of hydrogen produced in 
a biological process. Similarly, the constraints of application of biologically produced hydrogen in 
a fuel cell will be addressed and if realistic, new fuel cells will be constructed. 
 
1.3 Approach 
1.3.1 Conversion of biomass to hydrogen 
For production of hydrogen from biomass 3 different but associated routes have been followed 
in this project (Fig. 2). The first is the fermentation of sugars to hydrogen, CO2 and organic acids 
by thermophilic bacteria at approx. 70 ºC, Stage 1 of the bioprocess. The second is the 
subsequent conversion of organic acids in the effluent to hydrogen and CO2 in the presence of 
light at ambient temperature, Stage 2 of the bioprocess. The third route is the thermochemical 
conversion of residues which can not be converted by anaerobic bacteria. Supercritical water 
gasification is employed here to convert non-fermentable residues in biomass to hydrogen and 
CO2. 
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Fig. 2. The experimental work in 3 workpackages with biomass and gas streams.  
 
The research for Stage 1 and 2 of the bioprocess has been aimed at the optimization of the 
fermentations by increasing the understanding of the metabolism of the bacteria. Major issues are 
yield with respect to hydrogen from biomass and/or light, productivity, effect of medium 
composition and applicability for up-scaling. 
The pilot scale reactor developed in the first part of this project (2000-2003) has been tested with 
new configurations for hydrogen removal and immobilization of bacteria. For the phototrophic 
fermentation a bubble column bioreactor has been tested in outdoor conditions and a tubular 
bioreactor has been further developed. 
The main components in biomass are carbohydrates, like starch, cellulose and hemicellulose. 
Cellulose and hemicellulose are tightly associated with lignin, forming the lignocellulose complex 
which is the backbone of biomass. In contrast to cellulose and hemicellulose, lignin can not be 
fermented by anaerobic bacteria. Therefore research has started to test the technology of 
reforming at supercritical water conditions. Here, mainly physical parameters have been 
addressed and the proof of principle has been delivered.  
 
1.3.2 Production of substrates for the bioprocess  
The basis for this project is the availability and suitability of the biomass. The availability has 
been addressed by making a survey of all biomass streams, to date, in The Netherlands. As a 
result two representative biomass streams suited for fermentation within the boundaries of 
environmentally friendly technology and complete biomass utilization have been selected. For 
lignocellulosic biomass, the approach has been to investigate pretreatment and hydrolysis 
procedures using Miscanthus and in the case of starch-rich biomass, potato steam peels have 
been used.  
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1.3.3 Gas treatment and hydrogen utilization 
Gaseous contaminations are only expected in the gas effluent of the thermophilic bioreactor, 
where hydrolysates of biomass enter the bioprocess. Removal of H2S as the main detrimental 
contaminant has been addressed. Initially, CO2 was also regarded as an undesired component of 
the effluent gas from the thermophilic fermentation, mainly because of diluting the hydrogen 
percentage in the effluent gas. Therefore, commercially available and innovative CO2 removal 
procedures have been selected. However, as a result from the hydrogen utilization studies, it has 
become clear that the newly developed PEM fuel cells are able to show high efficiency at low 
hydrogen concentrations abolishing the need for CO2 removal in this application.  
 
1.3.4 Techno-economic evaluation 
In all process steps, costing data have been collected and assembled. In cases where costing data 
are still subject to many uncertainties, e.g. cost price of cellulolytic enzymes, estimates have been 
done but these have not been included in the overall evaluation. Because of the uncertainty of the 
photofermentation, the overall techno-economic evaluation has been restricted to the 
thermophilic fermentation combined with biogas production from the effluent. The products in 
this case are hydrogen at 5.0 purity, hydrogen diluted with CO2 and methane. These latter 
products are converted to electricity using the new fuel cell and a gas engine, respectively.  
 
1.4 Results and conclusions 
 
The targets and the results are shown in Table 2. This project has produced major innovations in 
the downstream processing of biologically produced hydrogen: development of a cost-effective 
hydrogen purification system based on PSA and development of fuel cells operating at high 
efficiency with diluted hydrogen gas. As a consequence, the economic perspective on the short 
term has now become the chemical industry where hydrogen at 5.0 purity represents a value of € 
17/kg. The perspective on the long term is still the biofuel market with a value of € 1.42/kg H2. 
The techno-economic evaluation of the results obtained in this project, BWP II, has been done 
using a bioprocess based on thermophilic fermentation of potato steam peels. The photo-
fermentation has been replaced by anaerobic digestion where acetate in the effluent from the 
thermoreactor is converted to methane. This is in contrast to the techno-economic evaluation 
performed in phase 1, BWP I. The reason for this change is the still existing uncertainty of 
parameters governing amongst other the costs for photofermentation. The effect is greater 
reliability of the final data but an increase in hydrogen production costs to € 6.27/kg H2 due to a 
lower yield of hydrogen per unit biomass invested.  
Further decrease of hydrogen production costs has to come from cheaper biomass as feedstock 
and increase of hydrogen production per unit biomass through photofermentation and 
supercritical water gasification. 
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Table 2. Targets and results achieved in BWP II, phase 2 of the Biological Hydrogen Production 
programme. 
Task Activity Parameter Target Result 
    Lab scale Pilot scale 
Production of 
substrates from 
biomass 
Conversion 
efficiency 
Sugars from starch 
Sugars from 
 lignocellulose 
95% 
70% 
 >94 
60a
Thermophilic 
fermentation 
H2 production Yield from sugars 
Production rate 
80% 
20 mmol/L.h 
75 - 85 
10-27 
70 - 75 
22 
Photofermentation H2 production Yield from light 
Yield from acetate 
Production rate 
7% 
80% 
10 mmol/g.h 
1.5 
20 - 87 
0.22 - 5.6 
0.7 - 2.6b
n.d. 
0.25 - 1.0 
Supercritical water 
gasification 
H2 production Gas production 
from lignocellulose 
H2 production 19 - 34 
mol% 
 
Gas treatment and 
application 
Purification and 
processing 
Removal of S-
 contaminants 
H2 concentration 
<0.1 ppm 
 
>99% 
<3 ppmc 
 
n.d. 
Below 
detection 
>99.999% 
Techno-economic 
evaluationd
Energy 
 efficiency 
Energy demand 
H2 production 
 costs 
kW H2/kW 
 biomass 
Ein/Eout
High 
 
Low 
€ 10/GJe
(€1.42/kg)e
40% 
 
20% 
€ 6.27/kgf
n.d.: not determined 
a not optimised for enzymatic hydrolysis 
b photochemical efficiency including biomass production is 3-4% 
c triazine treatment only 
devaluation was done using potato steam peels and thermophilic fermentation followed by 
anaerobic digestion instead of photofermentation.  
eThis is the target of the Biological Hydrogen Production programme (Table 1) 
fAdditional revenues are from 38 kWh electricity and 34 kg protein slurry. Per kg produced H2, 
this amounts to € 1.51 (€ 0.04/kWh) and € 1.02, respectively. 
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1.5 Description of the consortium 
 
The project has been carried out by a consortium with the following participants: 
• Wageningen UR, Agrotechnology & Food Innovations, formerly ATO B.V. (co-ordinator). 
In the business unit ‘Bio-based Products’ various biological conversions are being studied 
aimed at valorisation of renewable resources. Besides expertise in the field of products for 
industrial applications, there is profound interest in the production of energy carriers such as 
hydrogen, butanol and ethanol. 
• Wageningen UR, Laboratory of Microbiology. The participating group in this university 
department focuses on the physiology of anaerobic micro-organisms, amongst which are the 
hydrogen producing micro-organisms. 
• Wageningen UR, Food & Bioprocess Engineering. The involved group has ample experience 
in the field of photo-bioreactor design and development for optimum performance of 
phototrophic micro-organisms. 
• TNO. The research unit of this organisation has amongst others expertise in thermochemical 
processes of conversion of renewable resources in energy carriers and the design of 
bioreactors. 
• ECN. The Energy research Centre of the Netherlands is the largest research centre in the 
Netherlands in the field of energy. The unit Biomass, Coal & Environmental Research 
performs R&D in the field of advanced uses of biomass and is a consultant for policy 
development, technical applications and developments. 
• RUG. The department Microbial Ecology of the University of Groningen has previously 
been active in the investigation of metabolic pathways in photoheterotrophic bacteria. 
• Agromiscanthus B.V. This company is involved in culturing and application of new crops like 
Miscanthus, suitable for energy production. 
• B.V. Duynie. This company deals in moisture-rich feed from organic wet fractions of the 
agro-food industry. 
• Techno Invent. This is a company specialized in modelling of energy conversion systems, 
especially concerning new and sustainable technological developments. 
• Green Vision. Green Vision is a company with expertise in gas treatment or conversion as 
e.g. small scale steam reforming. This company has great interest in the application of ‘green’ 
gases. 
• NedStack B.V. This is a company devoted to the development of fuel cells in terms of 
increased durability, efficiency and decreased cost. 
• Technogrow B.V. This company develops and uses several technological possibilities for 
development and production of different horticultural products with a great environmental 
care, i.e. no use of pesticides and using closed production systems. 
• Sparqle International B.V. This company is specialist in the area of supercritical water 
reforming aimed at producing combustible gases, with the emphasis on hydrogen, from 
biomass. 
©Agrotechnology and Food Sciences Group, member of Wageningen UR 11
Hydrogen from Biomass (EETK03028) 
 
 
 
 
 
 
Fig. 3. Participants in Hydrogen from Biomass (BWP II) in the Netherlands. White boxes are for 
research organisations or universities; grey boxes are for industrial companies. 
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2 Description of work 
 
2.1 Conversion of biomass to hydrogen 
2.1.1 Conversion of biomass to hydrogen: carbohydrates to hydrogen 
Physiology of thermophilic hydrogen producers 
The focus for thermophilic fermentation has been on Caldicellulosiruptor saccharolyticus (Fig. 4). The 
performance of this bacterium is outstanding in comparison to several strains of the 
Thermotoga spp. However, in environments with high salt concentrations, Thermotoga spp. show 
superior performance.   
 
 
Fig. 4. Scanning electron microscope 
picture of Caldicellulosiruptor 
saccharolyticus during growth on glucose.  
Bar is 1 μm. Picture has been supplied 
by Wageningen UR A&F. 
 
 
 
Advantageous properties of C. saccharolyticus are low demand for additional nutrients, high 
adaptability to low pH and high growth rates. Using 13C labelled glucose, the Embden- 
Meyerhof pathway was identified as the main metabolic pathway in C. saccharolyticus and as a 
result, the maximum yield of H2 during growth on glucose is 4 moles per mol of glucose. This is 
in good agreement with the experimental results obtained with batch as well as chemostat 
(continuous growth) cultures where H2 : C6eq is usually 80 to 92% of the theoretical 
maximum (Table 3, Fig. 5 and insert). The deficit is due to bacterial biomass production. As the 
C-balance is circa 1, all substrates and products were accounted for. 
©Agrotechnology and Food Sciences Group, member of Wageningen UR 13
Hydrogen from Biomass (EETK03028) 
 
Fig. 5. Culture of Caldicellulosiruptor saccharolyticus 
in a bench scale fermentor (1 L) on 10 g 
glucose/L at 72 ºC. Picture has been supplied 
by Wageningen UR A&F. 
 
In continuous growth mode, substrate is 
continuously added to the medium and 
spent medium is continuously removed. The 
growth rate of the bacteria is constant and 
equal to this dilution rate. This is an 
excellent situation to study the physiological 
parameters like maximum growth rate, 
productivity, yield, metabolic pathways etc. 
The fermentor offers the opportunity to 
monitor and control empirical parameters 
like pH, temperature, redox potential etc.   
Bacteria grow in batch mode when 
inoculated in fresh medium with an excess 
of nutrients. Growth continues until the 
substrate is exhausted or inhibitors arise. 
There are several growth rates during lag 
phase, exponential growth and stationary 
phase. Batch growth is often used to test 
growth on various substrates. 
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Table 3. Growth of Caldicellulosiruptor saccharolyticus in batch mode on carbohydrates, 
supplemented with yeast extract (YE, $1000-6000 per ton) or corn steep liquor (CSL spray dried, 
$55 per ton). The yield with respect to hydrogen is expressed as mol H2 produced per mol 
equivalent of hexose sugar (H2: C6eq), also in the case of glucose and xylose as substrates. Growth  
temperature is 72 ºC, N2 flow is 7-10 L/h, pH is 6.7. The initial concentration of sugars was 
similar and usually circa 10 g/L. 
N-nutrient 
g/L 
Substrate 
YE CSL 
Sugar 
consumed 
g/L 
H2 : C6eq
 
mol/mol 
Acetate 
produced 
mM 
Lactate 
produced 
mM 
Pure sugars       
Glucose 1  9 3.6 78 4 
Glucose  1 6 3.8 53 1 
Glucose + xylose1) 1  10 2.6 71 16 
Hydrolysates of:       
Potato steam peels2) 1  12 3.8 104 5 
Miscanthus1) 1  11 3.2 83 7 
Miscanthus1)  2 8 2.8 61 3 
1)The major components in Miscanthus hydrolysates were glucose and xylose in a ratio of 2.5 : 1. 
This is similar to the ratio in the glucose and xylose mixture. 
2)The major component in potato steam peels hydrolysate was glucose. 
 
 
In contrast to Thermotoga elfii, requiring 4 g yeast extract/L as source for organic nitrogen, 
vitamins, nucleotides or trace elements during growth on 10 g carbohydrates/L, C. 
saccharolyticus is much less demanding in requiring only 1 g/L. Still, this demand confers a 
significant cost item. As a result, a cheap alternative, i.e. corn steep liquor has been tested. 
Table 1 shows that corn steep liquor may be regarded as a proper alternative. Besides corn steep 
liquor, an even cheaper yeast extract substitute has been found in the biomass of 
Rhodobacter capsulatus, formed in the photofermentation. Replacement of yeast extract by 
freeze dried and milled R. capsulatus biomass in C. saccharolyticus cultures showed promising results 
in small scale experiments. However, cultures of T. elfii showed inhibition.  
The combination of glucose and xylose to mimick the composition of lignocellulosic substrates 
showed a simultaneous utilisation of the sugars. In case the inoculum was derived from a culture 
adapted to growth on the mixture, there was even preferential utilisation of xylose. Another 
medium improvement has been established by increasing the Fe3+ content. An increase to 2.5 mg 
FeCl3/L showed significant increase of glucose utilization in cultures of C. saccharolyticus. 
Continuous cultures of C. saccharolyticus were used to determine maximum yield and productivity. 
Table 4 shows that high growth rates (high dilution rate or low generation time) can be 
established, concomitant with high specific hydrogen productivity (q). However, yield of 
hydrogen with respect to hexose utilization (H2 : C6eq mol/mol) decreased with the 
©Agrotechnology and Food Sciences Group, member of Wageningen UR 15
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increase in productivity, due to the higher consumption of substrate for biomass production. 
This phenomenon needs to be taken into consideration during scale up to approach as much as 
possible the ideal situation of low growth rate combined with high bacterial density and effective 
hydrogen removal.  
 
Tabel 4. Growth of Caldicellulosiruptor saccharolyticus in continuous mode on glucose, at pH 6.7 and 
72 °C. The concentration of glucose in the feed and the dilution rate were varied. 
Glucose in 
feed 
 
mM 
Dilution 
rate 
 
h-1
Generation 
time1)
 
h 
H2 : C6eq
 
 
mol/mol 
Specific H2 
productivity 
q 
mmol/g.h2)
Volumetric H2 
productivity 
Q 
mmol/L.h 
10.7 0.09 7.7   4.0 ± 0.13) 13 ± 1 4 ± 0 
10.7 0.30 2.3 3.3 ± 0.1 26 ± 5 10 ± 1 
23.0 0.10 7.3 3.5 ± 0.1 15 ± 0 8 ± 1 
23.0 0.30 2.3 3.1 ± 0.1 27 ± 3 12 ± 1 
1)Generation time is the life-time of the bacteria needed for multiplication.   
2)q is expressed in mmol H2 produced per g bacterial biomass per hour. 
3)High H2 yield assumedly due to yeast extract utilization. 
 
 
Pilot scale bioreactor for thermophilic hydrogen production 
Studies of hydrogen production at a larger scale have been done with C. saccharolyticus in the same 
pilot scale bioreactor as in the first part of this project (2000-2003) (Fig. 6).  
Initially, the reactor was run under reduced pressure (0.4 bar) using steam to remove 
hydrogen. The result was a gas with 45-70% H2 and 30-45% CO2 obtained after condensation of 
the water, produced with a volumetric productivity of circa 2 mmol H2/L.h. As a direct 
consequence of progress in the development of fuel cells, the tolerance with respect to low H2 
concentration in the effluent gas significantly increased. This enabled the application of nitrogen 
at atmospheric pressure as stripping gas making the technically cumbersome application of 
reduced pressure for steam production superfluous. Hydrogen productivity increased 3-fold 
to 6 mmol H2/L.h. Further improvement of reactor configuration was done by changing the 
packed bed material from a coarse hydrophobic (polypropylene, specific surface: 200 m2/m3) 
support to a fine, less hydrophobic (polyurethane, specific surface: 1700 m2/m3) foam which 
should be more in line with the observed preference of C. saccharolyticus for hydrophilic surfaces. 
With the new foam, volumetric hydrogen productivity increased to >20 mmol H2/L.h, 
during 4 months operation. After this period reactor operation was halted due to clogging of the 
foam. The concentration of hydrogen in the effluent gas was low at circa 5% with 2.5% CO2. 
Methane was never detected in the effluent gas, even though the presence of other anaerobic 
bacteria in the bioreactor has been shown. The yield of hydrogen in terms of H2 : C6eq can 
only be estimated in this system and amounted to 2.5 - 3.0. 
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Fig. 6. Trickle bed bioreactor for hydrogen 
production by C. saccharolyticus at 70-73 °C 
during continuous growth under anaerobic 
conditions, developed in the first part of the 
Biological Hydrogen Project (2000-2003). 
Picture has been supplied by TNO. 
 
Total volume of the stainless steel vessel is 
400 L with 190 L packed bed (1.2 m x 0.45 
m). The packed bed was Etapak 210 or 
Recticel type E. Nutrient solution with 
sucrose as carbon source and gas for 
hydrogen removal are run co-currently from 
top to bottom. The pH is controlled at 6.5 
using NaOH. The reactor is operated under 
non-sterile conditions on sucrose as carbon 
and energy source. 
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2.1.2 Conversion of biomass to hydrogen: acetate to hydrogen 
 
Physiology of photo-heterotrophic hydrogen producers 
Over 30 photo-heterotrophic strains have been tested for hydrogen production from acetate and 
lactate under nitrogen limitation. Several Rhodopseudomonas spp. amongst which R. palustris 
(NCIMB 8288) showed biofilm formation, causing decrease of light influx. As a result, only 
Rhodobacter capsulatus (NCIMB 11773) was selected for further study. This bacterium uses 
acetate, in the presence of light and ammonium, for biomass production. When ammonium is 
exhausted, acetate is converted to hydrogen and CO2, with a theoretical maximum yield of 4 mol 
H2 from 1 mol acetate. Acetate is completely metabolized with formation of co-products as e.g. 
poly-hydroxybutyrate (PHB), only during stationary phase in batch mode. To determine the 
kinetic parameters of hydrogen production by R capsulatus, growth was done in continuous mode 
with artificial lighting, after initial flushing with argon. The effluent gas was virtually 100% H2 
as all CO2 dissolved in the medium.  
 
Table 5. Steady states of Rhodobacter capsulatus in continuous cultures on acetate under nitrogen 
limitation in the light. The concentration of acetate in the feed is 19 mM, the dilution rate is 0.021 
h-1, pH 7 and 30°C. 
Ammonium  
in the feed  
 
mM 
Ammonium 
consumed 
 
mmol/g.h 
Acetate 
consumed 
 
mmol/g.h 
H2: C2
 
 
mol/mol
H2 
productivity 
q 
mmol/g.h 
H2 
productivity 
Q 
mmol/L.h 
Biomass 
 
 
g/L 
1 0.16 1.6 3.5 5.6 0.7 0.32 
2 0.15 1.2 2.3 2.8 0.7 0.69 
3 0.15 1.0 1.7 1.7 0.7 1.01 
4 0.16 0.9 0.9 0.7 0.3 1.31 
The elemental composition of Rhodobacter capsulatus is CH1.76O0.38N0.15
 
 
Table 5 shows that the specific hydrogen productivity and hydrogen yield are strongly 
dependent on the concentration of ammonium in the feed which seems to govern the 
biomass production. At low ammonium in the feed, specific consumption or production rates 
are highest but volumetric rates are low due to the little biomass present. At higher biomass 
concentrations, light penetration becomes limited, causing a severe decrease in H2 specific 
and volumetric production rate, and hydrogen yield per acetate consumed. Further studies 
have shown that the specific hydrogen production rate may also decrease independent of light 
limitation. Presently, there is no plausible explanation for this phenomenon. Data from literature 
indicate the occurrence of mutations, associated with the performance of nitrogenase. Mutants 
with repressed nitrogenase may produce little hydrogen but dissipate reducing power to PHB 
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synthesis. Crotonic acid representing the PHB concentration varied between 2 – 7 μmol/g.h in 
the chemostat cultures described in Table 5. 
 
Kinetic parameters of photo-heterotrophic hydrogen production 
In the first part (2000-2003) of the project a model has been developed which allows the 
calculation of the volumetric hydrogen production rate ruH2 of a R. capsulatus culture in a 
flat panel photobioreactor, optical path = 3 cm (Fig. 7) for any combination of biomass 
concentration and dilution rate.   
To decrease the number of chemostat experiments required for evaluation of this model, 
deceleration-stat (D-stat; gradual decrease of dilution rate) and gradient-stat (G-stat; gradual 
increase of ammonium concentration affecting the biomass concentration) experiments 
were done. The D-stat experiment is aimed at finding the optimal ruH2 at minimal dilution rate at a 
given biomass concentration whereas the G-stat experiment should give the optimal ruH2 at 
optimal biomass concentration at a given dilution rate.  
 
 
 
Fig. 7. A. Culture of Rhodobacter capsulatus in a flat panel bioreactor, optical path 3 cm, working 
volume 2.4 L, flushed with argon at 0.85 L/L.h. Cooling is done with water to maintain operating 
temperature at 30 °C. The pH was kept at 7.0 using acetic acid. Illumination is done using two 
500 W tungsten halogen lamps B. Scheme of the bioreactor with gas recycling (1: gas pump, 2: 
gas effluent, 3: pressurized vessels, 4: valve, 5: mass flow controller, 6: condenser). Picture has 
been supplied by Wageningen UR, FBE. 
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All experiments were done with cultures of R. capsulatus in (pseudo) steady states with acetate as 
carbon source. The D-stat experiments in the flat panel bioreactor showed that a biomass 
concentration of 4 g/L is too high to illustrate the strategy of increasing volumetric hydrogen 
production by decreasing the dilution rate. To date, the ruH2 remained at 2.2 mmol/L.h 
(equivalent to a specific hydrogen production rate q of 0.54 mmol/g.h) whereas 7.2 mmol/L.h 
is predicted. The G-stat experiments demonstrated that model predictions for ruH2 at 1.4 – 2.5 
mmol/L.h at a dilution rate of 0.017 h-1 are accurate provided that the biomass concentration 
does not exceed 1.5 g/L. These findings support the emphasis on bioreactor design to optimize 
light distribution by e.g. turbulent mixing and optimal light integration. 
 
Pilot scale bioreactors for photo-heterotrophic hydrogen production 
Bubble column photobioreactor 
The bubble column photobioreactor (Fig. 8) is the most advanced of the photobioreactors 
under investigation in this project. This photobioreactor is situated outdoors, to test the effect of 
the Dutch climate on hydrogen production by R. capsulatus. After initial experiments had shown 
that temperatures below 20 °C were prohibitive to R. capsulatus, temperature control was 
installed and the temperature was maintained at circa 30 °C in a period from May 19th till June 
24th, 2005. In this period there has been one stretch of continuous cultivation during almost 10 
days at a dilution rate of 0.013 h-1. During this period the specific H2 productivity was, on the 
average, 0.54 mmol/g.h, which was similar as in the (indoor) bench scale reactor operating with 
artificial light. The volumetric productivity was 0.4 mmol H2/L.h. The produced gas was 90-
95% H2 with the remainder being CO2. No other gaseous products were detectable by GC. The 
average yield of hydrogen from light energy (400-950 nm) was 1.5%; when biomass was included 
the energy efficiency from light amounted to 3-4%.  
The bubble column reactor has suffered from influx of other bacteria and even algae, but never 
methanogenic bacteria. This fact reduces the reliability of the collected data to a certain extent. 
For future development of outdoor operation this issue needs further attention, albeit that in 
industrial operations the occurrence of sampling will be significantly less, reducing the danger of 
contamination. 
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Fig. 8. Outdoor bubble column photobioreactor with R. capsulatus growing on acetate at 25 mM 
in the feed and nitrogen limitation in the culture, under anaerobic conditions. The column is 
made of Perspex, thickness 5 mm, height is 2 m, diameter is 200 mm. Total volume is 65L. The 
pH is maintained at 6.7-7.3, temperature at 27-30 °C. Picture has been supplied by ECN.  
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Tubular photobioreactor in a greenhouse 
The second option for growth of photo-heterotrophic bacteria is the tubular photobioreactor 
in a greenhouse (Fig. 9). This photobioreactor is also studied for applicability in the production 
of biomass from (micro)algae. During this project several adaptations have been made to prepare 
the tubular bioreactor for hydrogen production. The first issue addressed has been the 
introduction of a novel pumping system. The membrane pump significantly reduced shear 
forces and requirement for electricity by 80-90% as compared to centrifugal pumping systems. 
Besides, the volume of the containers where the bacterial biomass is turned around and 
degassed, has been drastically reduced increasing the light to dark ratio. Finally, several 
adaptations have been made for sterile inoculation or sampling. 
 
 
Fig. 9. Tubular photobioreactor in the greenhouse. Total volume of the bioreactor is 5 m3. The 
material is non-permeable to hydrogen. Picture has been taken at Technogrow (supplied by  
RUG). 
 
 
Development of the “Green Sun” collector 
The “Green Sun” photobioreactor also originates from research focused on the production of 
other phototrophic micro-organisms, namely (micro)algae. Again, the common issue is to 
increase the efficiency in light utilization. The “Green Sun” collector is based on the concept 
that the movements of the sun are followed to enable high efficiency of light energy capture 
(Fig. 10). 
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Movable fresnel lenses which give 92% transmission efficiency have been constructed to 
capture the light and transmit it to the vertical plate where via internal reflection the light will 
reach the bottom of the submerged plate (Fig. 11) . The extent of light capture of the “Green 
Sun” collector is similar to the efficiency achieved with the flat panel bioreactor (Fig. 7). 
However, great advantages are expected with respect to loss of light energy due to shadowing as 
occurs with flat panel bioreactors. Smart positioning of the “Green Sun” collector was 
shown to enable minimization of shadowing effects. 
 
 
 
Fig. 10. Schematic drawing of the “Green Sun” collector. The movable contraptions at the top 
collect the sunlight. The sunlight is focused on vertical plates which are submerged in the 
medium. Here a very short optical path enables efficient transfer of light to the culture. 
Mixing is done by bubbling gas bottom up. Cost of this collector concept is reduced as no glass 
fibres are required. Picture has been supplied by Wageningen UR, FBE. 
 
 
Fig. 11. First design of “green Sun” collector (White arrows show devices for turning the fresnel 
lens). Picture has been supplied by Wageningen UR, FBE. 
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2.1.3 Conversion of biomass to hydrogen: non-fermentables to hydrogen 
Aqueous fractions containing mainly lignin, derived from pretreatment of Miscanthus (see 
section 2.2.2), are tested as feedstock in reforming at supercritical water conditions for 
production of hydrogen and other fuel gases. A schematic drawing of the reforming test facility is 
shown in Figure 12. The first fraction is the supernatant obtained after alkaline pretreatment of 
biomass, often called ‘black liquor’, with a dry matter content of 4.4% (wt). This was a 
homogeneous solution with high ash content. The second fraction is the residue obtained after 
enzymatic hydrolysis of alkaline pretreated biomass, with a dry matter content of 9.3% (wt). This 
fraction was a suspension of solids. Both fractions needed treatment to prevent tar formation 
and improve rheological properties. Furthermore, for a positive energy balance in the future, 
the dry matter content of the feedstock for supercritical water reforming streams should be 
>10% (wt).  
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Fig. 12. Schematic drawing of the reforming test facility. Aqueous feed is fed from the storage 
container with the piston-type high-pressure pump (Lewa EK-1, 5L/hr, 300 bar) through the 
preheating (at 370-400 °C) and a supercritical (at 650 °and 30 MPa) zone of the tubular reactor. 
The reactor is made from straight Incoloy 825 high-pressure tubing, internal diameter 5.4 mm. 
The bottom end section functions as preheater with a volume of approx. 7 mL; the upper section 
contains the supercritical reforming zone of 30 mL volume. Reaction products are cooled and 
released through a backpressure valve into an atmospheric gas-liquid separator. Reaction time is 
in the order of seconds.  
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Table 6. Gas composition and gas yield as first results from supercritical water reforming of 
aqueous lignin fractions obtained during pretreatment and hydrolysis of Miscanthus.  
 ‘Black liquor’ obtained after 
alkaline pretreatment 
Residue obtained after 
enzymatic hydrolysis of 
alkaline pretreated biomass  
mol gas/kg C reformed 119 97.8 
gas composition, mol% 
H2
CH4 
CO 
CO2
C2
C3
 
34 
20 
0.86 
42 
1.7 
1.2 
 
19 
11 
10 
57 
2.3 
0.9 
 
 
The first results are shown in Table 6 and should be regarded as a demonstration of the 
potential of this technology. The concentration of hydrogen may be further increased to over 
60% following shifting of CO and removal of CO2.  
The results show that this technology is promising in respect of producing hydrogen from non-
fermentables in biomass. Estimates are that it will significantly contribute to the overall yield 
of hydrogen from biomass. Further research is needed for optimization and decrease of energy 
demand of this technology. 
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2.2 Biomass pretreatment and hydrolysis 
 
2.2.1 Biomass potential in the Netherlands 
Recent documents on by-product streams in the agro-food industry have been analyzed from 
1999 onwards, to identify the availability and suitability of biomass for hydrogen 
production, especially taking the requirements of pretreatment and the first fermentation into 
account. Besides, the technical and economical issues have been addressed. Potato steam peels, 
domestic organic waste, paper and paper sludge and industrial waste water were shown to 
have the greatest potential with respect to hydrogen production.  
With respect to energy crop utilization: Miscanthus and reed canary grass were shown to 
have the greatest potential. Both crops are high in carbohydrates with 64% for Miscanthus and 
55% (wt) for reed canary grass, respectively. Lignin content in both crops is circa 25% (wt). Ash 
content in Miscanthus is 1.5%, in reed canary grass 11% (wt). Storage of dry Miscanthus without 
loss of carbohydrates seemed possible. The chemical composition of Miscanthus after 18 months 
under foil was without change.  
 
2.2.2 Pretreatment and hydrolysis of biomass 
Miscanthus 
Pretreatment was done soaking Miscanthus or reed canary grass with NaOH or Ca(OH)2. 
Pretreatment using NaOH showed the largest removal of lignin from the biomass, 
amounting to > 50% of the initial lignin content. The results of the subsequent enzymatic 
hydrolysis using commercially available Cellubrix enzyme confirmed the superiority of the NaOH 
pretreatment (Table 7, Fig. 13), mobilizing glucose to circa 40% of the theoretical 
maximum.  
 
Table 7. Concentration of monosaccharides in hydrolysates of Miscanthus and reed canary grass 
after alkaline pretreatment at 12 g NaOH and 10 g Ca(OH)2  per 100 g dry matter, respectively, at 
85 ºC during 16 h and enzymatic hydrolysis at 0.4 g Cellubrix/g dry matter at 50°C, during 24 h. 
Oligosaccharides have not been determined. 
Biomass Pre-
treatment  
Glucose  
 
mg/g1)
Xylose  
 
mg/g 
Arabinose 
 
mg/g 
Galactose  
 
mg/g 
Total 
sugars 
mg/g 
Miscanthus Ca(OH)2 106 43 9 0.11 158 
Miscanthus NaOH 148 60 12 0.63 221 
Reed canary grass Ca(OH)2 123 46 10 1.15 180 
Reed canary grass NaOH 189 72 17 1.45 280 
1)mg/g is mg glucose per g biomass. 
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A: 0h
C: 4h D: 24h
B: 2h
Fig. 13. Changes in rheological properties of NaOH pretreated Miscanthus (9 g/100 g dry matter 
at 75 ºC during 6 h) during incubation with CG220. Prior to alkaline pretreatment Miscanthus 
stems were cut and sieved to pieces of circa 1 cm in lenght. After the NaOH pretreatment 
dewatering was done to make a slurry of 275 g dry matter/L. Hydrolysis was done using CG220 
at 0.128 g/g dry matter at 50ºC during 24 h. Picture has been supplied by Wageningen UR, A&F. 
 
 
 
The ‘black liquor’ obtained after dewatering of the alkaline pretreated Miscanthus and the 
residue obtained after dewatering of the hydrolysed biomass were used for supercritical water 
reforming (see section 2.1.3), the final hydrolysate was used for fermentation (section 2.1.1).
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The effects of pretreatment and hydrolysis procedures on fermentability of the Miscanthus 
hydrolysate have been determined by fermentation using C. saccharolyticus as well as T. neapolitana 
(Fig. 14). The results show excellent performance with NaOH pretreated hydrolysate. 
Fermentation of Ca(OH)2 pretreated hydrolysate showed some inhibition, assumedly due to 
either Ca2+, or SO42- and PO43- ions, which had been used for neutralization of the hydrolysate. 
  
 
 
Fig. 14. Small serum flasks (100 mL) used for testing hydrogen production by C. saccharolyticus or 
T. neapolitana from Miscanthus hydrolysates. The control was done in complete medium with 
glucose at 7 g/L and xylose at 3 g/L. This carbon source was replaced by increasing amounts of 
Miscanthus hydrolysate in the test cultures. The final carbon source concentration was equivalent 
to the control. Picture has been supplied by Wageningen UR, A&F. 
 
Potato steam peels 
Fresh potato steam peels were obtained directly from the conveyor belt in the potato 
processing factory. Dry matter content was 12 g/100 g fresh weight. Hydrolysis was done with 
Termamyl at 0.01 g/g dry matter, 90 °C during 100 min, followed by AMG300 at 0.015 g/g dry 
matter at 60 °C during 90 min, respectively. The efficiency of the starch hydrolysis was 94%. 
The hydrolysate was used for fermentation (section 3.1.1). 
The composition of the residue showed an increase of protein from an initial 13 to 20 g/100 g 
dry matter in the residue. This makes the residue suited for application as feed as previously 
assumed in the first part of the project. However, extensive analysis has shown that alternative 
procedures for neutralization are required because of the fairly high amount of K+ and Cl- ions in 
the residue, causing a decrease in feed quality.  
 
 28 
Public report 
2.3 Gas treatment and fuel cell development 
 
As the effluent gas of the photofermentation is almost pure hydrogen, the focus of gas 
purification and upgrading has been on the effluent gas from the thermophilic fermentation. 
At this stage in the bioprocess, the effect of the biomass composition on fermentation products 
is greatest. Furthermore, potential inhibition of the thermophilic fermentation by hydrogen, 
requires dilution of the gas stream and thus a low hydrogen concentration (circa 10% for stable 
operation) in the effluent gas. This in turn requires special measures for upgrading and/or 
modification of the utilization target. 
 
2.3.1 Gas treatment 
Removal of S components by scavenging 
Table 8 shows the composition of the effluent gas in the worst case with respect to H2S 
concentration. A liquid scavenger, triazine, as well as a solid scavenger, SulfurRite have been 
successfully tested for removal of H2S in model gas streams. 
 
Table 8. Expected composition of the effluent gas from the thermophilic fermentation producing 
17 kg H2/h at full sized scale with a mixture of N2 and CO2 as stripping gas. 
 Mol % Production 
kg/h 
H2 8 17 
CO2 18 900 
H2O saturated at 70°C1)  31 607 
N2 42 1265 
H2S 52 mg/kg gas 0.145 
1)pH2O is 31 kPa at total p =100 kPa 
 
The estimated costs for H2S removal range from € 0.023 to 0.091/ kg H2 for the liquid 
(triazine) and solid (SulfurRite) scavenger, respectively.  
 
 
 
During the progress in the project it has become clear that (1) a combination of N2 and CO2 
can be used as stripping gas for hydrogen removal and (2) PEM fuel cells can be developed 
which show high efficiency at low H2 concentrations (see section 2.3.2). In the end, even N2 
may be omitted in case the bacteria show high hydrogen productivity at pH below 6.2. As a 
result, specific CO2 removal will become superfluous e.g. when stationary fuel cells are the target, 
but some purge remains required. The removal of net produced CO2 is still incorporated in the 
process (Fig. 15). 
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Removal of CO2 by specific absorption 
For CO2 removal specific CO2 absorption using monoethanolamine or neutralized amino acids 
(DECAB process) have been tested. The DECAB process is still under development but is 
foreseen to be more cost effective due to a lower heat and chemicals demand. 
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Fig. 15. Design of gas upgrading process for effluent gas from the thermophilic fermentation, 
producing circa 17 kg H2/h. To prevent inhibition of the fermentation by hydrogen the safe 
concentration was set at 8%.  
 
For a full sized hydrogen production process, with a productivity of 17 kg H2/h at an assumed 
8% H2 partial pressure, the costs for CO2 removal using monoethanolamine amount to € 
0.95/kg H2. These costs can be reduced by using amino acids to replace monoethanolamine. It 
is estimated that reduction in energy and chemicals demand and capital investment may reduce 
CO2 removal costs to € 0.76/kg H2. 
 
Removal of gaseous contaminants by adsorption 
For the removal of gaseous contaminants Pressure Swing Adsorption (PSA) is used in which 
gaseous contaminants are adsorbed using a solid, regenerable, adsorbens and high pressure. 
This is a common industrial process for production of several 1000 m3 H2 /h as compared to 
circa 190 m3 H2/h from the thermophilic fermentation. In this project a down scaled prototype 
has been constructed (Fig. 16) and modifications have been developed to enable operation at 
low pressure and reduce loss of hydrogen by preventing pressure fluctuations and selecting 
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new adsorbens mixtures. Using this prototype hydrogen was purified to 99.999% from a 
representative mixture containing CO2 and N2, and additionally, CH4 and CO. The adsorption 
was done at a very low pressure (7 bar) and yielded a recovery of 60% of the hydrogen. 
Increase of recovery is foreseen by further modifications of the set up.  
 
 
  
Fig. 16.  Prototype for PSA purification of effluent gas from the thermophilic fermentation. Four 
containers (80 L) operate in consecutive mode enabling intermittent regeneration of the 
adsorbens. Picture has been supplied by Green Vision. 
 
 
The costs for application of PSA are estimated at € 2 - 3/kg H2. It has to be noted that in this 
case the most profitable utilization is not electricity production using the fuel cells, but the 
chemical industry where H2 at 5.0 purity represents a value of € 20 – 30/kg. 
 
2.3.2 Fuel cell development 
In comparison with regular gases used for feeding fuel cells, gas from the thermophilic fermentor 
is exceptional with its low hydrogen concentration, high CO2 concentration and low 
pressure. To combat low efficiency membrane electrode assemblies forming the core of the 
fuel cell, were modified using thinner membranes and more ruthenium (Fig. 17). To date, the 
developed prototypes have shown a conversion efficiency of 50% with ≥ 10 % hydrogen in 
the effluent gas. In a mixture with mainly CO2 and N2, 80% utilization of the hydrogen has 
been achieved.  
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For production of electricity from 17 kg H2/h, 3900 cells will be needed which produce 280 kW 
electricity and 235 kW heat. The number of cells is twice as high as for utilization of gas 
with 100% H2. The cost for a prototype fuel cell stack for 280 kW is presently almost € 500,000 
but is assumed to be halved when mass production is introduced. Moreover, technological 
progress is expected to even further decrease this cost price. 
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Fig. 17. Photograph of a membrane electrode assembly made by scanning electron microscopy. 
Proton transport is through the central membrane, surface area 150-200 cm2. At the anode, 
hydrogen diffuses through carbon fibres forming a gas diffusion layer. The anode catalyst 
mediates in proton and electron production. Similarly, oxygen arrives through (different) carbon 
fibres at the cathode to be reduced. The cathode catalyst is mediator in O2 reduction. The width 
of the membrane is circa 50 μm. Picture has been supplied by NedStack 
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2.4 Techno-economic evaluation of a full process design using potato steam peels 
 
To make a design for a hydrogen production plant for operation from 2011 onwards, the 
present ‘state of the art’ of process units, described above has been evaluated. The selection was 
done to make a realistic design with a 4 year time frame which starts with pretreatment of 
potato steam peels as biomass (Fig. 18). The mobilized sugars are used for production of 
hydrogen, CO2 and acetic acid in a trickle bed reactor with polyurethane foam and the residue 
is sold as proteinaceous component for feed. The liquid effluent of the bioreactor is sent to an 
anaerobic digester (UASB) for fermentation to methane and CO2.  
The effluent gas from the thermophilic fermentation is purified using PSA to H2 as a product 
at 5.0 purity (60% recovery). The purge gas from the PSA is used in a fuel cell to make 
electricity (50% efficiency). Similarly, the biogas produced in the anaerobic digestion is 
converted in a gas engine to electricity (37% efficiency). 
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Fig. 18. Flow scheme of turnkey installation for production of pure hydrogen from potato steam 
peels. The production of proteinaceous residue, to be applied as feed, is not shown. 
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The enzymatic hydrolysis of lignocellulosic biomass, the application of supercritical water 
reforming and the photobioreactor have been excluded from this process design because 
these process units are still at R&D stage and would thus decrease the reliability of the cost 
evaluation.  
The results with respect to mass and energy flows in a process aimed at a production of 17 kg 
H2/h from potato steam peels are given in Table 9.  
 
Table 9. Mass and energy flow in a full-sized plant for production of H2 from potato steam peels.  
Flow Mass (kg/h) Energy (kW) 
  In Out 
Substrate 794 2122  
H2 to PSA 17   
H2 out 10  340 
CH4 93   
Proteinaceous residue 342   
CO2 393   
Water 19000   
Heat demand  0  
Electricity demand  190  
Electricity from fuel cell   91 
Electricity from gas engine   477 
Total energy recovery   39% 
 
The input in the process is only biomass, the export is pure hydrogen and electricity. The 
recovery of CO2, derived from the biomass, is not included in the evaluation but can be 
considered if a market for pure CO2 is identified or if sequestration of this CO2 would provide 
extra income. 
For an estimation of the costs for a full sized bioreactor, producing 17 kg H2/h, the following 
assumptions have been made: Hydrogen productivity is 30 mmol/L.h with 8% H2 in the effluent 
gas. Stripping gas consists of N2 and CO2 and is continuously recycled with partial CO2 removal. 
The equipment and cost parameters for the thermophilic fermentation are given Table 10 and 11.  
 
Table 10. Dimensions of equipment for full sized trickle bed reactor configuration for hydrogen 
production by Caldicellulosiruptor saccharolyticus at 17 kg H2/h (T= 70°C, P=1 bara, pH 6.5) 
Reactor volume 317 m3
Reactor height 12 m 
Volume PU foam 272 m3
Percolation water 5 m3/m2.h 
Process water 114 m3/h 
Gas flow 3000 Nm3/h 
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Table 11. Investment costs for hydrogen production by Caldicellulosiruptor saccharolyticus at 17 kg 
H2/h (T= 70°C, P=1 bara, pH 6.5) 
 Dimension Cost k€ Lang factor2) Cost k€ 
Vessel, steel (H II)  317 m3 90 4.7 423 
Polyurethane foam 272 m3 68 not applicable 68 
Pump  11 kW 9 4.7 42 
pH control unit   4 4.7 19 
Total investment cost1)    552 
1)Further costs for heat exchanger and other pumps have not been included. 
2)Lang factor according to: Coulson and Richardson's Chemical Engineering: Chemical 
Engineering Design Vol. 6 , 3rd edition (ed: R.K. Sinnot), Butterworth Heinemann, Oxford, 2000. 
 
 
The envisaged cost price for hydrogen from potato steam peels in a turnkey production 
plant (Fig. 18) at 60% utilization grade is € 6.27/kg H2 (€ 44/GJ) at 5.0 purity.  
Potential revenues from the proteinaceous residue and from electricity from the fuel cell and the 
gas engine have not been included (Table 9). The revenue for the residual biomass, enriched with 
protein, is estimated at € 1.02/kg H2 (5.0) produced and for the produced electricity € 1.51/kg H2 
(5.0). 
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2.5 Summary and prospect 
 
The process for hydrogen production using thermophilic bacteria at pilot scale with realistic 
production rates has come into reach. High hydrogen yields are achieved in small scale processes 
but need to be improved at pilot scale. Photofermentation of organic acids in the effluent of the 
thermophilic reactor still suffers from low efficiency which seems hard to improve in the short 
term. New photobioreactors for improved light energy capture at pilot scale are in full 
development.  
The first small scale tests for hydrogen production from non-fermentable feedstock using 
supercritical water reforming have been successful in showing fairly high hydrogen 
concentrations in the product gas.  
New gas upgrading devices have been designed and tested for stripping hydrogen from the 
thermophilic reactor using inert gases or CO2. On the downstream side, developments in fuel 
cells have also opened new opportunities for decreasing the efforts required for gas upgrading.  
The overall progress in hydrogen production from biomass has been combined with an 
investigation of business opportunities. Because of the extensive developments still needed in the 
photofermentation and the supercritical water reforming the process boundaries have been set at 
thermophilic fermentation. Furthermore, mobilization of sugars from lignocellulosic feedstock 
has not been considered due to the still high cost of cellulolytic enzymes. The market analysis has 
addressed the market for hydrogen as an industrial gas, hydrogen as fuel gas and the market for 
electrical power. All markets are expected to increase because of the current trend to increased 
sustainability of feedstock and production processes. The unique selling points of this process, 
sustainable with respect to feedstock and production process, and on-site implementation 
features, warrant interesting commercial niches in all these markets. 
The installation is completely self supporting with respect to energy demand. The current 
availability of potato steam peels in the Netherlands enables operation of 17 installations, 
providing 800 ton of pure H2 per year. Assuming that natural gas is the cheapest alternative 
source for pure H2, the yearly emission of more than 10 kton CO2 would be avoided. 
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3 Contribution to the EET programme 
 
The EET programme is funded by the Dutch government to enforce innovations in 
sustainability in issues which have a benefit in Economy, Ecology and Technology.  
The collaboration of the 12 partners in this project, representing various sectors, has enabled 
consideration of the whole process chain, ranging from biomass procurement to electricity 
production using a fuel cell. As a result, hydrogen production from biomass has emerged from 
concept (2000-2003) to a realistic innovative approach for production of hydrogen from 
sustainable resources (2003-2006). Besides, the specific collaborative approach has led to 
numerous related initiatives in which the Netherlands play an important role as internationally 
recognized knowledge centre for innovation in non-thermal hydrogen production (Fig. 19).  
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Fig. 19. Spin off from research in the Netherlands in the international Hydrogen from Biomass 
area. 
 
The achievement of the economic aims of the EET programme is governed by further 
development of the technology and the availability of the biomass. The presently available 
biomass, estimated at 5 -12 million tonne per year, would allow the production of at least 0.24 to 
0.53 million tonne H2 per year. Assuming the target production cost of € 10/GJ H2, the turnover 
would amount to € 340-750 million per year in the Netherlands. 
The replacement of fossil hydrogen by hydrogen from biomass will provide a reduction of CO2 
emission ranging from 4 to 10% of the current emission. This reduction can be further increased 
if sequestration of CO2 at the production site becomes realistic. 
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4 Samenvatting 
 
4.1 Introductie 
 
Waterstof wordt steeds vaker genoemd als energiedrager van de toekomst. De redenen hiervoor 
zijn het ontbreken van CO2 emissie bij verbranden van waterstof én de ontwikkelingen op het 
gebied van brandstofcellen die voor het hoogste rendement met waterstof gevoed moeten 
worden.  
In het kader van de maatschappelijke ontwikkelingen naar duurzame energie- productie, is het 
van belang een duurzaam productiesysteem voor waterstof te ontwerpen. De huidige 
productiesystemen zijn gebaseerd op fossiele grondstoffen en dientengevolge niet duurzaam. Een 
aantal nieuwe technologieën zijn gebaseerd op het gebruik van hernieuwbare grondstoffen, zoals 
zonne- en windenergie en energie uit biomassa. Een ontwikkeling van een proces voor 
waterstofproductie uit biomassa sluit aan bij het streven van de Nederlandse overheid om een 
steeds groter aandeel duurzame energie uit biomassa te betrekken. 
Voor de productie van waterstof uit biomassa zijn er twee opties: de thermochemische en de 
biologische conversie, waarvan de geschiktheid min of meer bepaald wordt door het droge stof 
gehalte van de grondstof. Beide opties zijn, zowel nationaal als internationaal, onderwerp van 
uitgebreide studies. In vergelijking met de thermochemische conversie biedt de biologische 
conversie als belangrijkste voordeel dat natte biomassa in zeer zuivere waterstof omgezet kan 
worden. Een biologisch proces is bovendien geschikt voor toepassing op kleine schaal dus bijv. 
in de nabijheid van de locatie waar biomassa geproduceerd wordt. 
De belangrijkste doelstelling van het programma ‘Biologische Waterstof Productie’ is de 
ontwikkeling van een bioproces waarin door microorganismen waterstof uit biomassa 
geproduceerd wordt (Fig. 20) zoals beschreven in onderstaande reactievergelijkingen. Hiernaast 
bestrijkt dit project de gehele keten van voorbehandeling van biomassa tot fermentatie, opwerken 
van het geproduceerde gas en een techno-economische evaluatie. 
Reactie 1 C6H12O6  + 4 H2O  ⎯⎯→ 2 CH3COO-  + 2 HCO3-  + 4 H+  + 4 H2   
In deze reactie fungeert glucose als modelsubstraat. Voor andere suikers gelden overeenkomstige 
reactievergelijkingen. Deze reactie is exotherm, d.w.z. dat er energie vrijkomt (ΔG’o= -206 kJ.mol-1). 
De vrijgekomen energie is voldoende voor groei van de bacteriën zodat aangenomen kan worden dat 
deze reactie in een natuurlijke omgeving zonder problemen verloopt. Dat dit inderdaad het geval is 
blijkt uit vergistingsprocessen waarin deze energie door de bacteriën wordt gebruikt om te groeien.  
 
Reactie 2 CH3COO-  + 4 H2O  ⎯⎯⎯⎯→  2 HCO3-  +  H+  +  4 H2     
Deze reactie is endotherm (ΔG’0 = +104.6 kJ.mol-1). Dit betekent dat onder standaard-condities deze 
reactie geen energie levert voor groei van micro-organismen en dat deze reactie dus niet zal 
plaatsvinden. Fotoheterotrofe bacteriën zijn in staat om energie uit licht te benutten. Op deze manier 
wordt deze reactie wel uitgevoerd. 
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Fig. 20. Schema van het bioproces voor waterstofproductie van biomassa in een 2-traps 
fermentatie. De eerste trap is de heterotrofe fermentatie van koolhydraten tot waterstof, CO2 en 
organische zuren. In de tweede trap vindt de fotoheterotrofe fermentatie van organische zuren 
tot waterstof en CO2 plaats. 
 
 
Dit rapport beschrijft de vooruitgang in het BWP II project, Fase 2 van het programma 
‘Biologische Waterstof Productie’ (Tabel 12). 
 
Tabel 12. Schema van het programma ‘Biologische Waterstof Productie’. 
 Naam Fase Beschrijving Activiteit Begin en eind 
datum 
Duur 
(maanden)
KiemEET 0 Haalbaarheid Fundamenteel onderzoek 
en bureaustudies 
Nov 1998 -
Nov 1999 
12 
BWP I 1 Bewijs van het 
principe 
Fundamenteel onderzoek Sep 2000 -
Juli 2003 
34 
BWP II 2 Bewijs van het 
concept 
Fundamenteel onderzoek Sep 2003 -
Juli 2006 
34 
 3 Technologie 
ontwikkeling 
Industrieel onderzoek  36 
 4 Product 
ontwikkeling 
Precompetitief onderzoek  24 
 5 Implementatie Commerciële exploitatie  24 
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Na de haalbaarheidsstudie in Fase 0 is het principe van biologische waterstofproductie 
aangetoond door waterstofproductie in trap 1 van het bioproces te demonstreren. Dit werd 
gevolgd door waterstofproductie in trap 2 met het effluent van trap 1 als substraat (Fig. 20).  
De eerste techno-economische evaluatie die gebaseerd was op het gebruik van aardappel 
stoomschillen als substraat, resulteerde in € 3.10/ kg H2 voor productiekosten van waterstof. 
Deze techno-economische evaluatie is uitgegaan van de veronderstelling dat de targets die gezet 
zijn voor thermofiele en foto-heterotrofe fermentatie in de toekomst gerealiseerd zullen worden. 
 
4.2 Doelstellingen 
 
De doelstellingen van Fase 2, BWP II , zijn:  
1. Verder inzicht in het metabolisme van waterstof-producerende bacteriën 
2. Omzetting van niet-fermenteerbare componenten door superkritiek water ‘reforming’ 
3. Ontwikkeling van bioreactoren en opschalen van de fermentaties 
4. Gasopwerking en toepassing van biowaterstof. 
Het toegenomen inzicht in het metabolisme van thermofiele waterstof-producerende bacteriën 
heeft als technische doelstelling een 10-voudige toename in de snelheid van waterstofproductie in 
de 400 L pilot-schaal thermoreactor. De technische doelstelling voor de fotofermentatie is de 
ontwikkeling van een pilot-schaal fermentatie. Als eerste zal een 55 L bellenkolom reactor, 
gesitueerd in de open lucht, getest worden. Er zal een kinetisch model ontwikkeld worden om 
potentiële waterstofproductie te relateren aan instraling van zonlicht. Een prototype van een 
buizenreactor zal worden geoptimaliseerd voor wat betreft fotochemische efficiëntie, energie 
behoefte, operationele stabiliteit en kosten. 
Een technische doelstelling is ook het testen van gasbehandeling installaties met nagebootste 
gasmengsels. Er zal vervolgens een selectie worden gemaakt en gebouwd met als specifiek doel 
het opwerken van waterstof dat in een biologisch proces geproduceerd wordt. Tegelijkertijd 
zullen de randvoorwaarden voor toepassing van biologisch geproduceerd waterstof in een 
brandstofcel vastgesteld worden en zullen er nieuwe stacks worden gebouwd indien deze 
toepassing een realistisch perspectief biedt.  
 
4.3 Aanpak 
4.3.1 Conversie van biomassa in waterstof 
Voor de productie van waterstof uit biomassa zijn 3 verschillende maar gelieerde routes gevolgd 
(Fig. 21). De eerste is de fermentatie van suikers tot waterstof, CO2 en organische zuren bij 
ongeveer 70 ºC, trap 1 van het bioproces. De tweede is de hier opvolgende omzetting van 
organische zuren in het effluent in waterstof en CO2 met licht en bij omgevingstemperatuur, trap 
2 van het bioproces.  
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Fig. 21. Het experimentele werk is verdeeld in 3 werkpakketten. De lijnen geven biomassa- en 
gasstromen weer. 
 
De derde route is de thermochemische omzetting van residuen die niet door anaerobe bacteriën 
omgezet kunnen worden. Hier wordt superkritiek water ‘reforming’ toegepast om niet 
fermenteerbare residuen uit biomassa om te zetten in waterstof en CO2.  
De doelstelling van het onderzoek voor wat betreft trap 1 en 2 van het bioproces was gericht op 
een verdere uitdieping van het inzicht in het metabolisme van de bacteriën. De belangrijkste 
zaken zijn opbrengst van waterstof, productiviteit, invloed van de samenstelling van het medium 
en mogelijke toepasbaarheid voor opschalen. 
De ‘pilot’ schaal reactor die ontwikkeld is voor de fermentatie bij 70 ºC in het eerste gedeelte van 
dit project (2000-2003), is getest met een nieuwe configuratie voor het verwijderen van waterstof 
en het immobiliseren van de bacteriën. Voor de fototrofe fermentatie is een ‘pilot’ schaal reactor 
getest in de buitenlucht onder realistische klimaatcondities en er is een grotere ‘pilot’ schaal 
reactor ontwikkeld. 
De belangrijkste componenten in biomassa zijn koolhydraten zoals zetmeel, cellulose en 
hemicellulose. Cellulose en hemicellulose zijn, samen met lignine, onderdeel van het ligno-
cellulose complex dat het skelet is van planten. Lignine kan, in tegenstelling tot cellulose en 
heimcellulose, niet worden afgebroken door anaerobe bacteriën. Dientengevolge is het 
onderzoek naar de technologische toepassing van superkritiek water ‘reforming’ gestart. Hierbij 
zijn voornamelijk de fysische parameters de revue gepasseerd en is de ‘proof of principle’ 
geleverd. 
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4.3.2 Productie van substraten voor het bioproces 
Dit project rust op de beschikbaarheid en de toepasbaarheid van biomassa. De beschikbaarheid is 
geadresseerd door een overzicht te maken van alle huidige biomassa stromen in Nederland. De 
nadruk is gelegd op biomassastromen die representatief zijn en geschikt zijn voor fermentatie 
binnen de limitaties van milieuvriendelijkheid en volledige benutting van biomassa. Voor 
lignocellulose biomassa is Miscanthus geselecteerd om voorbehandeling en hydrolyse verder uit 
te werken. Voor zetmeelhoudende biomassa zijn aardappel stoomschillen geselecteerd. 
 
4.3.3 Gasopwerking en toepassing van waterstof 
Gasvormige contaminanten worden met name verwacht in het effluent van de thermofiele 
fermentatie  waar hydrolysaten het bioproces ingaan. De verwijdering van H2S als belangrijkste 
schadelijke contaminant is als eerste verwezenlijkt. Oorspronkelijk werd CO2 eveneens als 
ongewenst beschouwd, voornamelijk vanwege het feit dat de aanwezigheid van CO2 de 
concentratie van waterstof lager maakt. Dientengevolge zijn er een aantal commercieel 
verkrijgbare en innovatieve verwijderingprocedures onderzocht. Doordat echter uit de 
toepassingstudies duidelijk werd dat de nieuw-ontwikkelde PEM brandstof cellen efficiënt waren 
met lage waterstofconcentraties, verdween voor deze toepassing de noodzaak voor CO2 
verwijdering. 
 
4.3.4 Techno-economische evaluatie 
De kost parameters zijn in alle processen geadresseerd. In die gevallen waarin er nog veel 
onzekerheden zijn, bijvoorbeeld in de kostprijs van cellulolytische enzymen, zijn er schattingen 
gedaan. Deze schattingen zijn echter niet opgenomen in de ‘overall’ evaluatie. Hetzelfde geldt 
voor de kosten van de fotofermentatie. De techno-economische evaluatie is dus beperkt gebleven 
tot de thermofiele fermentatie, gecombineerd met een vergisting stap die de fotofermentatie 
vervangt. De producten uit dit proces zijn 5.0 waterstof, waterstof dat verdund is met CO2 en 
methaan. De twee laatste producten worden omgezet in elektriciteit met de nieuwe brandstofcel 
en een gasmotor. 
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4.4 Resultaten en conclusies 
 
De gestelde doelen en resultaten staan vermeld in Tabel 13. Uit dit project zijn een aantal 
belangrijke innovaties op het gebied van opwerking van biologisch geproduceerd waterstof 
voortgekomen: ontwikkeling van een kosteneffectief waterstofzuiveringssysteem gebaseerd op 
PSA èn de ontwikkeling van brandstofcellen die een hoge graad van efficiëntie hebben met 
verdund waterstof. Het resultaat hiervan is dat het economische perspectief, voor de korte 
termijn, de productie van waterstof voor de chemische industrie is geworden. In deze industrie 
vertegenwoordigt zuiver waterstof (5.0) een waarde van € 17/kg. Het perspectief voor de lange 
termijn is nog steeds de markt van biobrandstoffen waarvoor de kostprijs van waterstof tot € 
1.42/kg zal moeten dalen. 
 
Tabel 13. Targets en resultaten die bereikt zijn in BWP II, fase 2 van het Biologische Waterstof 
Productie programma. 
Taak Activiteit Parameter Gesteld doel Resultaat 
    Lab scale Pilot scale 
Productie van 
substraten uit 
biomassa  
Conversie 
efficiëntie 
Suikers uit zetmeel 
Suikers uit 
 lignocellulose 
95% 
70% 
 >94 
60a
Thermofiele 
fermentatie 
H2 productie Yield uit suikers 
Productie snelheid 
80% 
20 mmol/L.h
75-85 
10-27 
70-75 
22 
Fotofermentatie H2 productie Yield uit licht 
Yield uit acetaat 
Productiesnelheid 
7% 
80% 
10 mmol/g.h 
1.5 
20 - 87 
0.22 - 5.6 
0.7-2.6b
n.b. 
0.25 - 1.0 
Superkritieke 
water vergassing 
H2 productie Gasproductie uit 
lignocellulose 
H2 productie 34-19 mol%  
Gas behandeling 
en toepassing 
Zuivering en 
opwerking  
Verwijdering van  
 S-contaminanten 
H2 concentratie 
<0.1 ppm 
 
>99% 
<3 ppmc 
 
n.d. 
< detectie-
limiet 
>99.999% 
Techno-
economische 
evaluatied
Energie 
 efficiëntie 
Energie 
 behoefte 
H2 productie  
 kosten 
kW H2/kW 
 biomassa 
Ein/Euit
Hoog 
 
Laag 
 
€ 10/GJe
(€ 1.42/kg)e
40% 
 
20% 
 
€ 6.27/kgf
n.b.: niet bepaald 
aniet geoptimaliseerd voor enzymatische hydrolyse 
bde fotochemische efficiëntie inclusief geproduceerde biomassa is 3-4% 
calleen behandeling met triazine  
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devaluatie op basis van thermofiele fermentatie van aardappel stoomschillen en vergisting in plaats van 
fotofermentatie  
eDoelstelling van het Biologisch Waterstof Productie programma (Tabel 12) 
fVerdere opbrengsten uit 38 kWh elektriciteit en 34 kg eiwit slurry. Per kg geproduceerd H2 bedraagt dit € 
1.51 (€ 0.04/kWh) en  € 1.02 , respectievelijk. 
 
 
De techno-economische evaluatie van de resultaten die in dit project, BWP II behaald zijn, is 
gebaseerd op een bioproces dat begint met thermofiele fermentatie van aardappel stoomschillen. 
De fotofermentatie is vervangen door vergisting waarin het acetaat in het effluent van de 
thermofiele fermentatie omgezet wordt in methaan. Dit is anders dan het bioproces waarop de 
techno-economische evaluatie van BWP I gebaseerd is. De reden hiervoor is het feit dat de 
uitvoering van fotofermentatie nog steeds veel onzekerheden kent, vooral daar waar het de 
kosten betreft. Het gevolg van de toepassing van een vergistingstap is de grotere betrouw-
baarheid van de evaluatie maar tevens een toename van de waterstofproductiekosten tot € 
6.27/kg H2 omdat in dit geval veel minder waterstof per eenheid biomassa geproduceerd wordt.  
De verdere afname van waterstofproductiekosten zal moeten komen van het inzetten van 
goedkopere biomassa, en de toename van waterstofopbrengst door fotofermentatie en super-
kritieke water vergassing. 
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4.5 Samenwerkende partijen 
 
Het project is uitgevoerd door een consortium van de hieronder volgende partijen. 
• Wageningen UR, Agrotechnology & Food Innovations, voorheen ATO B.V. (penvoerder). 
In de business unit ‘Bio-based Products’ worden diverse biologische conversies bestudeerd 
met het oog op valorisatie van hernieuwbare grondstoffen. Naast expertise op het gebied van 
producten voor industriële toepassingen is er eveneens belangstelling voor productie van 
energiedragers zoals waterstof.  
• Wageningen UR, Laboratorium voor Microbiologie. Op dit universitaire departement is de 
fysiologie van anaerobe micro-organismen een belangrijk onderwerp. De waterstof 
producerende bacteriën vertegenwoordigen één van de bestudeerde groepen. 
• Wageningen UR, Food & Bioprocess Engineering. Dit, eveneens universitaire, departement 
heeft een uitgebreide kennis op het gebied van de ontwikkeling van fotobioreactoren voor 
het optimaal kweken van fototrofe micro-organismen. 
• TNO. Deze onderzoeksinstelling heeft o.a. expertise betreffende diverse vormen van 
conversie van hernieuwbare grondstoffen tot energiedragers en het ontwerpen van 
bioreactoren. 
• ECN. Het Energieonderzoek Centrum Nederland (ECN) is het grootste onderzoeksinstituut 
in Nederland op het gebied van energie. De Unit Biomassa, Kolen en Milieuonderzoek 
verricht onderzoek op het gebied van duurzame energiewinning uit biomassa.  
• RUG. Het departement Microbiële Ecologie van de Rijksuniversiteit Groningen is voorheen 
actief geweest op het gebied van onderzoek naar metabole routes in fotoheterotrofe 
bacteriën.  
• Agromiscanthus B.V. Dit bedrijf houdt zich bezig met het inzetten van nieuwe gewassen, 
waaronder Miscanthus, die geschikt zijn voor energieproductie. 
• B.V. Duynie. Dit bedrijf verhandelt vochtrijke diervoeders uit de organisch natte fractie 
afkomstig van de agro-food industrie.  
• Techno Invent. Dit is een ingenieursbureau voor milieutechniek dat gespecialiseerd is in het 
modelleren van energieconversiesystemen, vooral waar het nieuwe duurzame technologische 
ontwikkelingen betreft. 
• Green Vision. Dit bedrijf heeft expertise in gasopwerking en -toepassing, zoals bijv. in ‘steam 
reforming’ op kleine schaal. Het bedrijf heeft grote belangstelling voor de productie van 
‘groene’ gassen. 
• NedStack. Dit is een bedrijf dat gericht is op de ontwikkeling van brandstofcellen met grote 
levensduur, hoge efficiëntie en lage kostprijs.  
• Technogrow. Dit bedrijf ontwikkelt en maakt gebruik van technologische, milieu-vriendelijke 
innovaties voor de productie en ontwikkeling van verschillende tuinbouwproducten.  
• Sparqle International B.V. Dit bedrijf is specialist op het gebied van superkritiek water 
‘reforming’ gericht op de productie van brandbare gassen uit biomassa. Waterstof heeft 
hierbij de grootste aandacht. 
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Fig. 22. Samenwerkende partijen in BWP II in Nederland. De witte boxen zijn voor onderzoeks-
instituten en universiteiten en de grijze voor industriële partners. 
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